Based on the parallel mechanism theory, a new vibration-isolating platform is designed and its kinetic equation is deduced. Taylor expansion is used to approximately replace the elastic restoring force expression of vibration-isolating platform, and the error analysis is carried out. The dynamic-displacement equation of the vibration-isolating platform is studied by using the Duffing equation with only the nonlinear term. The dynamic characteristics of the vibration-isolating platform are studied, including amplitude-frequency response, jumping-up and jumping-down frequency, and displacement transfer rate under base excitation. The results show that the lower the excitation amplitude, the lower the initial vibration isolation frequency of the system. The influence of the platform damping ratio on displacement transfer rate is directly related to the jumping-down frequency Ω and the external excitation frequency. The vibration-isolating platform is ideally suited for high-frequency and small-amplitude vibrations.
Introduction
The existing research has proved that the parallel mechanism has the advantages of compact structure, good stiffness, and strong bearing capacity and can be applied to multidimensional vibration isolation [1] [2] [3] . Zhang et al., based on the Steward platform, realized the control of multi-degree-offreedom system and achieved multidimensional vibration control through taking the specific displacement vector as the generalized coordinates to control the active platform [4] . Based on the Steward platform, the HAVI system was produced in the American IA company, the SUITE designed by CSA was used in satellite vibration isolation, and ULB developed a novel vibration isolation system, and so forth [5] . Guangfu et al. accomplished the experiment research of vibration control of a two-degree-of-freedom system via adopting LMS adaptive algorithm and simulated the controlled six-degree-of-freedom system designed on the basis of the Steward platform. The results showed that the vibration level of controlled system is less than 10% of the original vibration [6] . Ma et al., in Jiangsu University, developed different multidimensional vibration system based on parallel mechanism [7] [8] [9] .
All in all, researchers at home and abroad obtained large number of achievements related to vibration isolation system related to parallel mechanism on both the vibration response and the control strategy. But most researches of the multidimensional vibration isolation conducted by the scholars were based on the Steward platform; the vibration isolation characteristics of the non-Steward platform was rarely to be seen. The studies above were based on the active control and there were no variable stiffness and variable damping researches based on passive vibration isolation technology in the field.
Based on previous studies, this paper presents an integrated innovation and puts forward the design theory of variable damping and variable stiffness vibration-isolating platform based on parallel mechanism, which makes the platform have the operating characteristics of "large damping in lowfrequency large-amplitude movement and small damping in high-frequency small-amplitude movement" and "high static stiffness and low dynamic stiffness." Through the structural design and spatial layout of the multibar mechanism (as shown in Figure 1) , instead of the external control source method, the two inherent defects of the traditional linear vibration-isolating system are solved: (1) the conflict between the inherent frequency and excitation frequency of vibrationisolating platform in low-frequency or ultra-low-frequency vibration isolation; (2) the conflict between the static bearing capacity and low stiffness [2, 10, 11] . At the same time, the sixdimensional vibration reduction of single-layer structure is realized. Such kind of vibration-isolating platform is expected to be widely used in many industries such as ambulance beds, automobiles, ships, aircraft, aerospace vehicles, precision instruments and meters transportation, and military equipment [2, 12] . This paper focuses on the displacement transfer characteristics of the vibration-isolating platform.
Physical Model and Kinetic Equation of the Vibration-Isolating Platform

Physical Model of the Platform.
The new vibrationisolating platform based on parallel mechanism, designed by our research team, is shown in Figure 1 . In Figure 1 , the upper and lower disks of the bearing platform are fixedly connected, the upper disk is used to place the target vibration isolation object, and the lower disk is used to connect the six supports (damper and its spring components). The outer periphery of damper 3 is arranged with a coil spring, and the lower base of the spring is screwed to the outer peripheral surface of damper 3, and the base can be moved up and down along the damper axis to give the spring a different initial amount of compression. When the spring base is still unable to meet the required load capacity, the spring can be replaced by a spring with greater or smaller stiffness to achieve variable stiffness. The dampers of the damper 3 are adjustable in six positions: six dampers and three spring assemblies are arranged between the upper end face of base 2 and the bearing platform, and three of them are arranged between the lower end face and the bearing platform. The functional principle of the three arranged on the upper end face is the same as that of the lower end face, but the model is smaller. The whole platform can be damped at least in one dimension and can be damped in a maximum of six dimensions; the vertical motion is shown in Figures 2 and 3 . By adjusting the initial compression amount of the three springs in the upper end, the whole platform can have quasi-zero stiffness in the vertical direction. If the quasizero stiffness characteristic can not be pursued, the platform can be equated with the parallel mechanism-based vibrationisolating platform developed by Professor Ma et al., but it can only isolate the intermediate-frequency and highfrequency vibrations with an excitation frequency greater than √ 2 times of the inherent frequency of the system. The damping or damping ratio of the whole platform can be adjusted according to the external excitation frequency by the damper's adjustment handle so that the vibration-isolating platform has the best damping ratio. If the external excitation frequency is wide, synchronized adjustment of the damping and stiffness can be made to make the platform achieve the best vibration isolation match.
Static Equation of
Platform. The simplified vertical mechanical model of the vibration isolation platform is shown in Figure 4 . In the figure, and are the distances from the hinge centers of the upper and lower springs and the outer frame to the axis of the vibration reduction platform, respectively. The displacement of the initial position is defined as the vertical displacement of the intersection point of upper and lower springs. represents the vertical distance between and , the centers of upper and lower platforms. ℎ is the vertical distance between the initial top intersection of the inclined springs and the static equilibrium position, where the platform starts to have quasizero stiffness, assuming the static equilibrium position of the vibration isolation platform coincides with the center . and are the original lengths of the upper and lower springs, respectively, when the top intersection point of the inclined springs is in the initial position.
As shown in Figure 4 , the lower spring with the stiffness of and the upper one with the stiffness of intersect at the point . Both the upper and lower springs are slightly compressed. With the vertical static force acting at the initial position , the relationship between the total elastic recovery force and the displacement of the vibration isolation platform is given by
where
2 , which are the working lengths of upper and lower springs, respectively, when the displacement is .
So (1) can be expressed as
With the vertical displacement representing the displacement of the intersection point from the static equilibrium position of the vibration isolation platform, that is, the position of , then (2) can be transformed into
When both sides of (3) are divided by 3 , the dimensionless force-displacement equation of the platform can be obtained:̂=
wherê= / ,̂= / ,̂= / ,̂= / , = / ,̂= / ,̂= /3 . If we take the derivative of̂on both sides of (4), the dimensionless equation about stiffness can be expressed as follows:̂=
) .
When a set of coefficients are given, the forcedisplacement curve of the vibration isolation platform can be got, as is demonstrated in Figure 5 . It can be seen that the platform displays stable quasi-zero stiffness in a small range when̂= −0.75.
Dynamic Equation of
Platform. It is necessary to simplify (4) for the convenience of dynamic calculation and analysis. Consequently, (4) is extended at point A (shown in Figure 4) ; that is,̂equals −0.75, according to the definition of Taylor series. The former three orders are kept. So it can be expressed:
According to (4) and (5), the first derivative of elastic recovery force at point A iŝ(−0.75) =̂(−0.75) = 0, the second derivative iŝ(−0.75) =̂(−0.75) = 0, and the third iŝ(
So the approximate elastic recovery force can be presented aŝ=̂(
Inclusion of only the third derivative in (10) offers convenience of analysis of dynamic performance of the vibration isolation platform. The error between (10) and (4) is shown in Figure 6 .
It can be seen from Figure 6 that the approximate curve largely coincides with the accurate one in the interval (−2.4, −1.3). When the intersection point of the spring vibrates near point A in the small range, the approximate curve coincides exactly with the accurate one, making it feasible to replace Supposing that the vibration isolation platform slightly vibrates in small range near point A, where the stiffness tends to zero, the simplified dynamic model of the platform is shown in Figure 7 .
Under the simple harmonic excitation condition, the approximate force-displacement equation of the platform can be presented as follows:̂1
where the stiffness of the system
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wherê= / , = 0 /2 , 2 0 = / , = 0 , Ω = / 0 ,̂= /3 .
Amplitude-Frequency Characteristic of Platform.
By using the harmonic balance method, the same order harmonic term on both sides of the differential equation has the same coefficient. In the meanwhile, only the predominant excitation frequency is considered, ignoring higher harmonic terms [16, 17] . The periodic response of (13) is as follows:
where is the system response amplitude, represents the response phase of the system, and Ω is the harmonic excitation frequency.
Upon substitution of (14) into (13), it can be got that
On elimination of phase in (15), the amplitudefrequency characteristic equation of the platform can be obtained:
With the stiffness ratio = 0.13, damping ratio = 0.02, and excitation force amplitudê= 0.05, the vibration amplitude-frequency characteristic curve of the platform can be acquired by the use of command ezplot () of Matlab implicit function, as is shown in Figure 8 .
As can be seen in Figure 8 , when the excitation frequency changes in different directions, the system amplitude response is as follows.
(1) When the Excitation Frequency Gradually Increases from
Zero. When the excitation frequency increases from zero, the response amplitude changes are shown in the green arrow line in Figure 8 . The response amplitude first increases along the upper branch, namely, the resonant branch: starting from point 1, via point 2, and then reaching the point 3, which corresponds to the maximum amplitude and the jumpingdown frequency Ω . That is to say, as the excitation frequency continues to increase, the response amplitude jumps directly to point 4 on the lower branch, the nonresonant branch, and finally to point 5 and extends infinitely.
(2) When the Excitation Frequency Gradually Decreases from
Infinity to Zero. When the excitation frequency decreases from high frequency to low frequency, the changing tendency of the response amplitude is shown in the blue arrow line in Figure 8 . The response amplitude first increases along the nonresonant branch: starting from point 5, via point 4, and then reaching point 6, which corresponds to the jumpingup frequency Ω . That is to say, as the excitation frequency continues to decrease; the response amplitude jumps directly to point 2 on the resonant branch and finally changes to point 1 along the resonant branch.
In summary, only when the external excitation frequency is larger than Ω will the amplitude response of the system certainly change along the nonresonant branch. The excitation frequencies in the jumping range (Ω < Ω < Ω ) result in uncertain amplitude-frequency response of the system, which may fall to the resonant branch curve with large amplitude or on the nonresonant curve with small amplitude. It is obvious that only when the amplitudefrequency response changes along the nonresonant branch is the system equipped with vibration isolation characteristics.
In general, to make the solution of its dynamic differential equation tend to the nonresonant branch with small amplitude, it is required that the excitation frequency Ω be larger than the jumping-down frequency Ω for nonlinear vibration isolation system.
Displacement Transfer Characteristics of the Platform
Displacement Transfer Rate under Base Excitation.
Set base displacement excitation = − 0 cos Ω , which is shown in Figure 9 , the mass of vibration isolation object is , and the nonlinear dynamic differential equation of the vibrationisolating platform obtained by Newton's second law is
The relative displacement between vibration isolation object and base is = − . Then
and substitute in formula (17) to obtain the motion equation of displacement as follows:
Conduct nondimensional processing on formula (19) to obtain the displacement response of vibration-isolating platform expressed by Duffing equation as follows:
wherê= / , = 0 /2 ,
Set the system displacement response aŝ( ) = cos (Ω + ); theṅ
By the constant variation method, and are the functions of time ; namely,̂( ) = ( ) cos (Ω + ( )); theṅ
(23) Formula (23) and formula (22) should be in the same form; there must be
Therefore,
Substitute( ),( ) into formula (20) and combined with formula (24) we can obtain
where = 0 Ω 2 cos Ω + Ω 2 cos (Ω + ) + 2 Ω sin (Ω + ) − 3 cos 3 (Ω + ). According to the definition of average method, the right side of formula (26) is substituted by the average value of one cycle of displacement response; we can obtain
Let the left be zero; integrate the above formula:
Add the squares of the above two formulas to obtain the amplitude-frequency response function shown in formula (29):
This expression expresses that the amplitude of the excitation amplitude of support after passing through the vibration-isolating platform and being transferred to the vibration isolation object is related to the damping ratio , stiffness ratio , and external excitation frequency Ω of the system. Formula (29) is regarded as the equation of Ω 2 ; we can obtain
Let Ω 1 = Ω 2 ; we can obtain the maximum response amplitude:
In order to ensure that the response of the system is bounded, namely, to ensure that the resonance curve has a stable section, formula (31) shall meet 
Set the displacement response of the vibration isolation object as ; then = + 0 ; namely,
According to the definition of displacement transfer rate, the displacement transfer rate of the platform is
where cos = / 0 + 3 3 /4 0 Ω 2 . When considering only the vertical spring in the mechanism, the mass of vibration isolation object is only carried by a vertical spring. The vibration-isolating platform becomes a traditional linear vibration-isolating platform. Through the analysis above, it is easy to get the displacement transfer rate of the linear system shown in formula (36):
The Relationship between Damping Ratio and Displacement Transfer
Characteristics. Let stiffness = 2 and excitation displacement amplitude 0 = 0.04. Figure 10 shows that, in the left and right frequency range with the jumping-down frequency Ω as the cut-off point, the effect of the system's damping ratio on the displacement transfer rate is different. When the excitation frequency is in the high-frequency band that is higher than the jumping-down frequency Ω of the platform, the smaller the damping ratio , the better. When the excitation frequency is in the low-frequency band that is lower than the jumping-down frequency Ω of the platform, the larger the damping ratio , the better.
Effect of Displacement Excitation of Support on Displacement Transfer
Rate. Let damping ratio = 0.02 and stiffness = 2. Figure 11 shows the effect of displacement excitation amplitude of support on the displacement transfer rate, and the comparison between the linear system and the vibrationisolating platform system with quasi-zero stiffness characteristic designed in this paper is made. The linear system shown in the figure refers to the remaining system after the negative-stiffness mechanism is removed from the quasi-zero stiffness vibration-isolating platform. According to Figure 11 , the displacement excitation amplitude has a great influence on the vibration isolation performance of the system. When the excitation amplitude is large ( 0 = 0.5), the initial vibration isolation frequency (i.e., jumping-down frequency Ω ) of the system is greater than the inherent frequency of the corresponding linear system, and the isolation effect is not as good as that of the linear system. When the excitation amplitude is decreased gradually, the initial vibration isolation frequency of the system decreases and the lowfrequency vibration isolation effect becomes apparent. This phenomenon proves that the vibration-isolating platform is suitable for small vibrations.
For different excitation amplitudes, when the external excitation frequency is large enough, the displacement transfer rate curve of the vibration isolation system and its corresponding linear system will tend to coincide, indicating that the system has the same vibration isolation capacity in the high-frequency band as in the linear vibration-isolating system. But in the low-frequency region, the vibration isolation effect of the system is obviously better than that of the corresponding linear system. With the reduction of the displacement excitation amplitude, the difference between the two becomes more and more obvious.
Conclusion
Based on the parallel mechanism theory, a new vibrationisolating platform is designed, and the dynamic characteristics of the vibration-isolating platform are studied, including amplitude-frequency response, up and down hopping frequency, and displacement transfer rate, providing some thinking and methods to optimize this kind of vibrationisolating platform. The study obtained the following conclusions:
(1) The effect of platform damping ratio on the displacement transfer rate is related to the jumping-down frequency Ω and external excitation frequency of the system. When the excitation frequency is in the high-frequency band that is higher than the jumpingdown frequency Ω of the platform, the smaller the damping ratio , the better. When the excitation frequency is in the low-frequency band that is lower than the jumping-down frequency Ω of the platform, the larger the damping ratio , the better. (2) The effect of base displacement excitation amplitude on displacement transfer rate is related to the size of excitation amplitude 0 . The smaller the excitation amplitude, the lower the initial vibration isolation frequency, and the better the low-frequency vibration isolation effect, indicating that the vibration-isolating platform is suitable for small vibrations.
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